Taylor & Francis makes every effort to ensure the accuracy of all the information (the "Content") contained in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and should be independently verified with primary sources of information. Taylor and Francis shall not be liable for any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of the Content. This article may be used for research, teaching, and private study purposes. Any substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to anyone is expressly forbidden. (RCP 8.5). Future air quality results predict that the annual mean PM 2.5 concentration in continental U.S. decreases nationwide, especially in the Eastern U.S. and west coast. However, the ozone concentration is projected to decrease in the Eastern U.S. but increase in the Western U.S. Future mortality is evaluated under two scenarios (1) holding future population and baseline incidence rate at the present level and (2) using the projected baseline incidence rate and population in 2050. For PM 2.5 , the entire continental U.S. presents a decreasing trend of PM 2.5 -related mortality by the 2050s in Scenario (1), primarily resulting from the emissions reduction. While in Scenario (2), almost half of the continental states show a rising tendency of PM 2.5 -related mortality, due to the dominant influence of population growth. In particular, the highest PM 2.5 -related deaths and the biggest discrepancy between present and future PM 2.5 -related deaths both occur in California in 2050s. For the ozone-related premature mortality, the simulation shows nation-wide rising tendency in 2050s under both scenarios, mainly due to the increase of ozone concentration and population in the future. Furthermore, the uncertainty analysis shows that the confidence interval of all causes mortality is much larger than that for specific causes, probably due to the accumulated uncertainty of generating datasets and sample size. The confidence interval of ozone-related all cause premature mortality is narrower than the PM 2.5 -related all cause mortality, due to its smaller standard deviation of the concentration-mortality response factor. Implications: The health impact of PM 2.5 is more linearly proportional to the emission reductions than ozone. The reduction of anthropogenic PM 2.5 precursor emissions is likely to lead to the decrease of PM 2.5 concentrations and PM 2.5 related mortality. However, the future ozone concentrations could increase due to increase of the greenhouse gas emissions of methane. Thus, to reduce the impact of ozone related mortality, anthropogenic emissions including criteria pollutant and greenhouse gas (i.e. methane) need to be controlled.
Introduction
Air pollution contributions from power plant emissions and industry, transportation, and resident sector emissions are becoming serious threats to the environment and to human life. Among these threats, the impact of tropospheric ozone (ground-level ozone) and particle air pollution is the most direct and visible to the public. Breathing unhealthy levels of ozone can trigger severe public health risks to cardiopulmonary and respiratory systems (Kreit et al., 1989; White et al., 1994; Frischer et al., 1999; Jerrett et al., 2009) . PM air pollution results from a mixture of particles varying in size, species, and origin. In particular, a growing number of research studies have been conducted for fine particles (PM 2.5 ), measuring 2.5 µm in diameter and less. The airborne primary and secondary PM 2.5 can be breathed deeply into the lungs, and some of these particles may be even tiny enough to penetrate into the bloodstream (Naser et al., 2008) , which means PM 2.5 can pose more severe health concerns than particles with larger sizes (Dockery et al., 1993; Dominici et al., 2006; Laden et al., 2006; Franklin et al., 2006) . Substantial health concerns of PM 2.5 include premature mortality, acute and chronic bronchitis, acute myocardial infraction, asthma exacerbation, acute respiratory symptoms, emergency room visits, hospital admissions, and work loss days.
Contrary to the many studies just described about the adverse health effects of ozone and PM 2.5 based on the past monitoring or modeled data, few studies have been explicitly conducted to analyze the critical relationship between air quality under future climate change and human health. Knowlton et al. (2004) conducted a simulation with the combination of a global model, Goddard Institute for Space Studies (GISS); a regional weather model, MM5 (PSU/NCAR mesoscale model); and an air quality model, CMAQ (Community Multi-scale Air Quality) for a health study across the New York metropolitan region in the 1990s and 2050s under the Special Report on Emissions Scenarios (SRES) A2 scenario. According to the modeling data for the 1990s and 2050s, they found that, along with a projected increase in ozone concentration, ozone-related mortality also increased. Adopting the same framework as Knowlton et al. (2004) , Bell et al. (2007) investigated health effects of future changes in ozone concentration across 50 eastern U.S. cities. Holding other factors constant, both hourly and daily maximum averaged 8-hr (MDA8) ozone were projected to increase significantly by the 2050s, indicating that climate change alone could affect the human health detrimentally. West et al. (2007) utilized the LMDz-INCA chemistry-climate model to explore the effects of global ozone concentrations on human health under three scenarios for 2030. They found that MDA8 ozone was projected to decrease under the maximum feasible reduction (MFR) scenario. The study on the health cobenefit showed that the current legislation (CLE) and MFR scenarios would both avoid premature mortalities relative to the SRES A2 scenario. Tagaris et al. (2009) downscaled the global output from GISS using MM5 and CMAQ at 36 km resolution to study changes in both ozone and PM 2.5 in the United States for 2050. They showed that the public health over two-thirds of the continent would be adversely affected by the climate-change-driven air pollution, and the health issue induced by PM 2.5 would dominate that caused by ozone. Ebi and McGregor (2009) reviewed the past scientific literature about the projection under the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) scenarios and summarized that climate change and less stringent emission regulations would be likely to exacerbate the adverse health effect of PM 2.5 and ozone.
The future projections chosen in the preceding description were all based on the IPCC AR4 scenarios like SRES A1B, A2, and A1FI. The representative concentration pathways (RCPs) scenarios (Moss et al., 2010) were designed to provide a more plausible projection of future socioeconomics, and the Coupled Model Intercomparison Project phase 5 (CMIP5) simulations (Taylor et al., 2011) had been conducted to support the latest IPCC Fifth Assessment Report (AR5). West et al. (2013) used the RCP4.5 and its associated reference scenarios to evaluate the global future air quality and human health in 2030, 2050, and 2100. It showed that under RCP4.5, PM 2.5 and ozone concentrations would decrease everywhere except in some tropical regions by the end of 2100 and that the strong greenhouse gas mitigation could also help avoid premature deaths over the world. However, as stated in the preceding literature review, the traditional downscaling practices are able to capture the effect of synoptic-scale meteorology on pollutant concentrations but few applications of dynamical downscaling have been done under the new RCP scenarios to evaluate the future air quality and its associated health impacts. In addition, the spatial resolution of regional simulations performed to date is mostly coarser than 30 km, which cannot provide a realistic representation of the atmospheric and topographic circulation (Mass et al., 2002 , Caldwell et al., 2009 , as well as the regional pollutant distribution and population exposure. Kim et al. (2015) has recently utilized the downscaling result at 12 km resolution under both RCP4.5 and RCP8.5 to evaluate the ozone-related premature mortality attributed to climate change over the United States. Compared with the global study by West et al. (2013) under the RCP4.5 scenario, the avoided ozone-related mortality in the future is estimated to be much lower in the regional downscaling study. Though West et al. (2013) used the chronic metric and Kim et al. (2015) used the short-term metric, and the population data set was different in these two studies as well, this huge bias in the mortality estimation may still reflect the significant difference between the global scale and regional finer resolution. However, the PM 2.5 -related mortality is not included in the study of Kim et al. (2015) .
This study is thus the first to apply dynamical downscaling to a spatial resolution of 12 km by 12 km over the continental United States domain to evaluate both PM 2.5 -and ozonerelated mortality under the new RCP scenarios. Note that only RCP8.5 scenario is adopted for analysis here, since for the PM precursors, both RCP4.5 and RCP8.5 scenarios project a decrease in the future (Gao et al., 2013) . In addition, the greenhouse gas emissions of methane increase more than half in the RCP8.5 scenario, which will lead to enhanced ozone concentration in some seasons and cause more health concerns. The Environmental Benefits Mapping and Analysis ProgramCommunity Edition (BenMAP-CE) developed by the U.S. Environmental Protection Agency (EPA) is used to estimate the PM 2.5 -and ozone-related mortality for the present and future years, as outlined in the following section.
Methodology
To address and analyze the PM 2.5 -and ozone-related mortality for a given climate scenario, we use models as described next.
Global circulation model-CESM
This state-of-the-art model, Community Earth System Model (CESM version 1.0), was used for the global climate simulation, including four major components: atmosphere, land, ocean, and sea ice. The CESM was run using the finitevolume (FV) dynamical core with a horizontal resolution of 0.9°× 1.25°(latitude/longitude) and 26 vertical layers. The atmospheric chemistry was integrated in the atmosphere component (CAM4) of CESM, referred to as CAM-Chem, and detailed descriptions and evaluations had been documented by Lamarque et al. (2012) . Note that an ensemble of climate simulations was common in global studies with relatively coarse spatial resolution, while this was practically hard to conduct for regional climate community. To date, most of the regional climate downscaling studies (Caldwell et al., 2009; Qian et al., 2010; Gao et al., 2012; Gao et al., 2014) used one ensemble member. Although one member did not represent the full range of climate simulations, the results from a single member were likely to be within the range of the full ensembles. Indeed, two recent studies Hodges et al., 2014 ) both used one model and one member as well, and Hodges et al. (2014) also demonstrated that even using one model with one member, it could represent well the CMIP5 ensembles. Thus, a single set of initial and boundary conditions was adopted in this study.
Regional weather model-WRF
The Weather Research and Forecasting model (WRF 3.2.1; Skamarock and Klemp, 2008) was used in the regional climate simulations. The regional simulation domain with a spatial resolution of 12 km by 12 km is shown in Figures 1 and 2 . The WRF results, downscaled from CESM under RCP 8.5, were taken from our previous study (Gao et al., 2012) . There were three domains in regional WRF simulations, 36 km, 12 km, and 4 km. Only the 36-km and 12-km WRF outputs were used to drive CMAQ simulations, considering the limited computational resource. 
Regional air quality model-CMAQ
The Community Multi-scale Air Quality (CMAQ) modeling system version 5.0 was used in this study (Byun and Schere, 2006) . It is a three-dimensional comprehensive atmospheric chemistry and transport model developed by the EPA and the community, and has been widely applied in regional air quality and associated health impact studies (Teschea et al., 2006; Lam et al., 2011; Shi et al., 2012; Buonocore et al., 2014) . The spatial resolution was kept the same as for WRF, and the initial and boundary conditions for CMAQ were generated from results of CAM-Chem simulations. For the present climate conditions, emissions were based on the EPA National Emission Inventory, while the future projection rates were based on the RCP8.5 scenario. Basically, most of the anthropogenic emissions, including nonmethane volatile organic compounds, sulfate, NO X , and primary PM 2.5 and PM 10 , would decrease in the future. However, the greenhouse gas emissions of methane show significant increase (about 60%) by the end of the 2050s. More details about emission projections of ozone and PM 2.5 , chemistry downscaling of species mapping, and grid interpolations, together with the evaluation of ozone, have been well documented in Gao et al. (2013). Health and environmental assessment modelBenMAP-CE The Environmental Benefits Mapping and Analysis Program-Community Edition (BenMAP-CE 1.0.8; Davidson et al., 2007) was utilized in this study to evaluate the PM 2.5 -and ozone-related mortality for the present and future case. It is a powerful health benefit analysis tool that can estimate the health impacts and economic benefits of human population exposure to air quality (i.e., PM 2.5 and ozone concentration) changes. BenMAP-CE has been widely applied at the city and regional scale, both within and beyond the United States (Fann et al., 2012; Voorhees et al., 2014; Smith and Gans, 2014) . BenMAP-CE uses a so-called "damage-function" approach to evaluate the health effect associated with the change of air pollutant concentration. It can be quantified by the exponential (log-linear) concentration-response function given here, where the natural logarithm of the health effect rate is a linear function of the air pollutant:
where y represents the adverse health effect rates like deaths per year, cancers per year, and hospitalizations per year due to the change of PM 2.5 or ozone concentration, and y 0 represents the baseline incidence rate per unit population for the health effect. In the BenMAP-CE data set, a collection of numerous incidence rate data is provided for different ages, genders, and races. The unitless coefficient β represents the fractional increase in the relative risk (RR) of the health effect per unit average concentration or mixing ratio of the pollutant; Δx represents the difference between the concentration or mixing ratio of the air pollutant in exposure and its threshold concentration. The threshold concentration here is defined as the value below which no health effect occurs (Jacobson, 2012) . West et al. (2007) suggested that a threshold concentration under 25 ppbv would have very little effect on the total ozone-related mortality and the data set in the BenMAP did not provide a clear threshold value for each health function. Thus, we set the threshold concentration zero for both PM 2.5 and ozone in our mortality evaluation. P represents the exposed population.
In BenMAP-CE, the population data are built at the block level and further aggregated to a resolution of 12 km and the county level. The population of the 2010 U.S. Census is set as the base year data set and the ratios of the desired population projection to the base year population are used to scale back to 2000 and forwardsto 2040 at both 12 km resolution and county level. (Woods and Poole Economics, Inc., 2012) . BenMAP-CE has established a huge library of health impact functions for different health endpoints, including mortality, morbidity, and work loss days. During the calculation process, BenMAP-CE first accesses the selected health impact functions and the data required by the health impact function, which generally includes the baseline incidence rate, the value, and the grid-cell population as shown in eq 1. Then the change of incidence like mortality was calculated for each selected health impact function point by point. These grid-cell level incidence results could be further aggregated to a coarser resolution such as county or state level.
In this study, the health functions we used to evaluate the adverse health effects of PM 2.5 and ozone come from the data set "EPA Standard Health Functions" embedded in BenMAP-CE. The endpoint group is mortality, whose rate is specified in detail for different age ranges and variable types such as daily maximum or mean. The detailed information about this data set is summarized in Table 1 . Note that only the premature mortality (age: 0-64 years) for ozone is evaluated here instead of mortality during the whole year range (0-99 years), in order to be comparable with other previous work (West et al., 2007; Silva et al., 2013; Kim et al., 2015) . The PM 2.5 -related mortality metrics are provided based on the acute effect to the short-term exposure. These short-term metrics, including all-cause mortality, ischemic heart disease, and lung cancer, are also utilized in the recent published work about PM 2.5 -related mortality Smith and Gans, 2014; Zanobetti et al., 2014) . For ozone, the annual ozone-related mortality is analyzed here instead of seasonal results, which is also adopted in the other climate study (West et al., 2007; Tagaris et al., 2009) .
In order to evaluate the health impact induced by the change of air pollutant concentration alone and by the combined effects of changed air pollutant concentration, population, and baseline incidence rate, we design two scenarios for separate analyses: (a) The population and baseline incidence rate are The projected population and baseline incidence rate are applied with the changes in air pollution from 2000 to 2050. Therefore, the combined effects of air pollutant concentration, population growth, and mortality incidence rate are considered. This kind of design has already been widely used in the previous work for evaluation (Knowlton et al., 2004; Tagaris et al., 2009; Post et al., 2012) . It is worth noting that although BenMAP-CE provides the incidence rate for 2050, there is no population data set available for the same year that is specified for age, gender, and race. We applied the incidence rates of 2050 to the population data sets for 2010, 2020, 2030, and 2040 , respectively, at 12 km resolution. Then we aggregated the grid-cell mortality results into the state level. Thus, for each state, we had the mortality values for 2010, 2020, 2030, and 2040 . After that, we used third-order polynomials to fit mortality data for every state, got a unique fitting equation, and then extrapolated to 2050 to obtain the state-level mortality estimates.
In addition, to combine of the effects of the same endpoint (i.e., all-cause mortality) but calculated by different health impact functions from various studies, BenMAP-CE allows pooling of the health incidence results by a variety of statistical approaches, including sum, fixed effects, and user-specified weights (Davidson et al., 2007) . The random effects pooling method is adopted in this study because the variance used to weigh the estimated incidence yields not only the difference derived from different health studies (sampling error), but also the between-study variability coming from the different underlying concentration-response relationship. Thus, it should be more reasonable than simply summing up and averaging the different results equally. Note that only the health functions with the same age range are chosen to do the pooling statistics, in order to avoid the issue of nonoverlap of different age ranges. Also, some endpoints are not pooled here (i.e., ozonerelated respiratory mortality and PM 2.5 -related ischemic heart disease mortality), due to the fact that only one health impact function is available in the data set.
Results and Discussion
Health-related air pollutants over the continental United States for present and future years PM 2.5 . The spatial distribution of the 3-year averaged PM 2.5 concentrations simulated from WRF-CMAQ over the entire continental United States for the present (2000s) and future (2050s) are presented in Figures 1a and 1b , respectively. For the present-day simulation (Figure 1a) , PM 2.5 shows much higher concentrations over the eastern United States (i.e., Central region, northern part of Southeast region, and southern part of Northeast region) than the western United States, except for the western coastal areas. The regions with higher PM 2.5 concentration are populous areas with considerable emission sources for PM 2.5 . For the future scenario (Figure 1b) , the spatial distribution of PM 2.5 concentrations maintains a pattern similar to the present, although the absolute values decline dramatically as shown in Figure 1c . It seems that the Central region, the northern part of Southeast region, and the southern part of the Northeast region, where the PM 2.5 concentrations are highest in the 2000s, are projected to undergo a reduction of more than 3 µg/m 3 under the RCP8.5 scenario. Other regions present similar decreasing trends of PM 2.5 for the future but the magnitudes of the decreases are smaller. Our results are consistent with findings summarized in the IPCC AR5 Working group 1 (WG1) report (Kirtman et al., 2013) , and the reduction of PM 2.5 is mainly attributed to the implementation of stringent air pollution control measures on the emission of PM 2.5 precursors like sulfur dioxide, NO X , and black carbon across North America. Considering the current standard for annual mean PM 2.5 concentration (12 µg/m 3 ), the whole U.S. continent could achieve this standard by the end of the 2050s under the RCP8.5 projection, even for the regions that are nonattainment areas for PM 2.5 in the present year.
Ozone. Figure 2 shows the spatial distribution of the 3-year averaged annual mean daily maximum 8-hr (MDA8) ozone Gao et al. (2013) . Generally, there is a decreasing trend in summer due to reduced anthropogenic nonmethane volatile organic compounds (NMVOCs) and nitrogen oxides (NO X ) emissions. However, the methane emission under RCP8.5 is projected to increase by 60% by the 2050s (Riahi et al., 2007) , triggering ozone increase in spring and winter season. Lamarque et al. (2011) also found out that prominent rise in methane abundances would increase the background ozone level by 5 to 14 ppb over the continental-scale regions by 2100. Other studies have also shown that growing methane abundances can raise the baseline ozone and even offset the effect of aggressive local emission reductions (Fiore et al., 2002; Dentener et al., 2005; Fiore et al., 2008; Gao et al., 2013) .
Mortality estimation through BenMAP-CE when population and baseline incidence rate are held constant at 2000 level for future
Mortality with exposure to the current and future PM 2.5 concentration. The mortality numbers from all causes (after pooling), ischemic heart disease, and lung cancer at present (2000s) are estimated with exposure to the 3-year averaged annual mean 24-hr PM 2.5 concentration. Figure 3a shows the mortality number aggregated at the state level from the 12 km × 12 km grids. The high mortality occurs at the southern part of the Northeast region (Pennsylvania) and northern part of the Central region (Illinois and Ohio), consistent with the relatively high PM 2.5 pollution there. The PM 2.5 concentration is relatively lower in the western part of the West (California) and southern part of the Northeast (New York State), South (Texas), and Southeast (Florida), but high PM 2.5 -related deaths are observed as well, due to their large populations. The spatial distributions of mortality for all causes, ischemic heart disease, and lung cancer are similar, but the values vary among them. According to the bar chart, California stands out for the mortality rate from all causes (mean: 8,900 deaths/year, 95% confidence interval [CI]: 6,000-11,700) and lung cancer (1,200 deaths/year, 95% CI: 500-1,800), while New York State has the highest mortality from ischemic heart disease (8,300 deaths/year, 95% CI: 6,900-9,600). Generally, the states with larger population numbers are also subject to higher deaths, according to eq 1. Meanwhile, the maximum death from lung cancer is less than 1,200 cases/year and this is much smaller than the largest mortality from ischemic heart disease (8,300 cases/year), indicating the latter endpoint will cause more distinct health issues under the current PM 2.5 exposure. The annual total mortality for the United States for the present case is summarized in Figure 3 . PM 2.5 -related all-cause (after pooling), ischemic heart disease and lung cancer mortality in (a) the 2000s and (b) the 2050s with population and baseline incidence rate held constant at 2000 level; (c) PM 2.5 -related all-cause (after pooling), ischemic heart disease, and lung cancer mortality in the 2050s with projected baseline incidence rate and population. The error bars represent the 95% confidence interval of each incidence for different states. and MFE are close to the benchmark, indicating relatively good performance of PM 2.5 concentrations. It also suggests an underestimate of PM 2.5 concentration from the downscaling output, which can lead to a lower estimate of PM 2.5 -related mortality here. Figure 3b shows the PM 2.5 -related all-cause (after pooling), lung cancer, and ischemic heart disease mortality in the 2050s. It turns out that California again has the highest mortality numbers for the all-cause and lung cancer mortality (6,000 all-cause deaths/year, 95% CI: 3,400-8,500; 800 lung cancer deaths/year, 95% CI: 300-1,200) and New York State still has the largest ischemic heart disease mortality (4,700 ischemic heart disease deaths/year, 95% CI: 3,900-5,500), but the values are much smaller than those in the 2000s. Overall, the entire continental United States shows a decreasing trend for the allcause, ischemic heart disease, and lung cancer mortality by the end of the 2050s. Recalling that all the continental states are estimated to encounter a dramatic reduction of PM 2.5 concentration under RCP8.5 scenario, this change is expected since we hold the population and baseline incidence rate as constant. The mortality value is thus only influenced by the PM 2.5 concentrations. The national PM 2.5 -related mortality in 2050s is also summarized in Table 2 , with 41.3% reduction of allcause mortality, 39.6% reduction of ischemic heart disease mortality, and 40.5% reduction of lung cancer mortality in comparison with the values in the 2000s.
Mortality with exposure to the present and future ozone concentration. Our recent work (Kim et al., 2015) evaluated the nonaccidental premature mortality associated with MDA8 ozone by averaging the 12 × 12 km grid of ozone concentration at the county level first and then applying it to the population projections developed by the Integrated Climate and Land-Use Scenarios (ICLUS) project. Here we adopted more health functions provided in BenMAP-CE for all-cause and nonaccidental premature mortality and two additional premature mortality metrics (cardiopulmonary and respiratory mortality) to expand the study scope. We also applied the 12-km ozone directly to the 12-km population data set built in BenMAP-CE. Figure 4a shows the all-cause, nonaccidental, cardiopulmonary, and respiratory premature mortality with exposure to the 3-year averaged annual mean MDA8 ozone concentration in the 2000s. The spatial distribution of premature mortality is similar to that of PM 2.5 , where states with dense population have higher mortality under the current ozone concentration exposure. The bar chart of different premature mortality metrics shows that California suffers the highest ozone-related premature deaths over the U.S. continent, resulting from all-cause (2,700 deaths/year, 95% CI: 1,300-4,000), nonaccidental (600 deaths/year, 95% CI: 200-1,700), cardiopulmonary (600 deaths/year, 95% CI: 200-900) and respiratory (400 deaths/ year, 95% CI: 200-700) mortality. Different from PM 2.5 , Texas ranks in second place with all-cause (2,000 deaths/year, 95% CI: 1,000-3,000), nonaccidental (500 deaths/year, 95% CI: 100-1,300), cardiopulmonary (400 deaths/year, 95% CI: 200-700), and respiratory (400 deaths/year, 95% CI: 100-600) premature mortality. In addition, Figure 4a shows that the exposure to the 3-year averaged annual mean MDA8 ozone concentration for the present case contributes to a higher cardiopulmonary than respiratory premature mortality over the entire continental U.S. states except in seven states (Colorado, Washington, Oregon, New Mexico, Utah, Maine, and Wyoming). Recalling Figure 3a , exposure to the 3-year averaged annual mean 24-hr PM 2.5 concentration in the present case also causes much more severe health concerns from the ischemic heart disease rather than for the lung cancer aspect. However, the ozone-related cardiopulmonary premature mortality accounts for members in the age range from 0 to 64 years, while that for respiratory premature mortality only covers the age range from 30 to 64. Thus, the difference of death numbers between these two premature mortality metrics here may not be that large. Figure 4b shows the ozone-related all-cause, nonaccidental, cardiopulmonary, and respiratory premature mortality in the 2050s. High premature mortality occurs at the western part of the West (California) and Northeast (Pennsylvania and New York) regions, the southern part of the South (Texas) and Southeast (Florida) regions, and the northern part of the Central region (Illinois and Ohio). According to the bar chart of these four mortality metrics for each state, again California ranks the first in the 2050s for all-cause (3,000 deaths/year, 95% CI: 1,500-4,500), nonaccidental (700 deaths/year, 95% CI: 200-2,000), cardiopulmonary (600 deaths/year, 95% CI: 200-1,000) and respiratory (500 deaths/year, 95% CI: 200-800) premature mortality. In addition, comparing Figure 4b with Figure 4a , 41 out of 49 continental states are projected to encounter a higher all-cause premature mortality (the same ratio for nonaccidental and cardiopulmonary premature mortality) and 40 out of 49 states are estimated to have a higher respiratory premature mortality in the 2050s than in the 2000s. The national ozone-related premature mortality summarized in Table 2 also shows an increase in total premature death numbers for the four mortality metrics (~1,300 excess all-cause deaths/year,~300 excess nonaccidental deaths/year,~300 excess cardiopulmonary deaths/year, and~200 excess respiratory deaths/year). Considering the fact that the baseline incidence rate and exposure population are held constant, this result is consistent with the ozone concentration change, where the premature mortality increases along with the rising annual mean MDA8 ozone concentration in areas like the western West region (California), southeastern Southeast region (Florida), and southern South region (Texas). For some states in the Central (Tennessee) and Southeast (Georgia) regions, the annual mean MDA8 ozone concentration is mainly projected to decrease and thus the four ozonerelated mortality metrics are all projected to decrease as well.
Mortality estimation through BenMAP-CE when population and baseline incidence rate are projected to 2050 level Mortality with exposure to the future PM 2.5 concentration. As stated in the Methodology section, we also designed a scenario to estimate the mortality with population and baseline incidence rate projected to the 2050 level. The estimated all-cause (after pooling), ischemic heart disease, and lung cancer mortality figures in the 2050s are shown in Figure 3c . It turns out that California is projected to have the highest mortality numbers for all three incidences (14,800 all-cause deaths/year, 95% CI: 8,500-21,000; 12,700 ischemic heart disease deaths/year, 95% CI: 10,400-14,900; 1,400 lung cancer deaths/year, 95% CI: 600-2,100), compared to the result under the first scenario where New York State is estimated to have the largest ischemic heart disease mortality for both present and future cases. Moreover, 24 out of 49 continental states show a rising trend of all-cause mortality by the end of the 2050s (28 out of 49 for ischemic heart disease mortality and 10 out of 49 for lung cancer mortality, respectively). This is quite different from the result under the first scenario, where the entire continental United States showed a decreasing trend of PM 2.5 -related mortality in the 2050s. Referring to Figure 1 , projected PM 2.5 concentrations are widely reduced over the country. In addition, the projected baseline incidence rates for 2050 in BenMAP-CE declines from 2000 to 2050 as well, which should favor a decrease in PM 2.5 -related mortality. Therefore, the only reason for the increasing tendency of PM 2.5 -related mortality here should be attributed to the population growth. For example, the projected total population (age > 29 years) in 2050 for California is around 32.7 million, while it is only about 18.7 million for the present case. This strong growth can be sufficient enough to compensate for the decrease of baseline incidence rates and PM 2.5 concentrations. This dominant influence by the population projection can also be found by previous work (e.g., Knowlton et al., 2004) . The national PM 2.5 -related mortality is summarized in Table 4. Compared with  Table 2 , the estimated death numbers for the 2050s here are all much higher, and the total all-cause and ischemic heart disease mortality could be even higher than that in the 2000s (~7,500 excess all-cause deaths/year and~14,900 excess ischemic heart disease deaths/year). Considering the strong reduction of PM 2.5 concentration and baseline incidence rate, this again illustrates the strong effect of population growth in the future.
To avoid the impact of population, the standardized mortality estimates (deaths per 1,000,000 people) are calculated for the comparison of PM 2.5 -related mortality. Figure 5a shows that in the 2000s, Pennsylvania has the highest standardized all-cause mortality (900, 95% CI: 600, 1,200). The highest standardized ischemic heart disease mortality (800, 95% CI: 600, 900) occurs in New York state, and Delaware has the highest standardized lung cancer mortality (160, 95% CI: 70, 240). It turns out that for some states (i.e., California), they have high total PM 2.5 -related mortality but with relatively lower standardized mortality after removing the effect from population. On the contrary, states like Delaware and Washington, DC, have low total deaths but relatively high standardized mortality numbers. There are also states like Pennsylvania that have both relatively high total and standardized PM 2.5 -related mortality. Recalling the spatial distribution of PM 2.5 concentration in Figure 1a , the high standardized mortality generally occurs in the states with high PM 2.5 concentrations. Thus, besides the states like California and Pennsylvania, special attention should also be paid to the states like Delaware and Washington, DC, where the total PM 2.5 -related deaths are low but the standardized mortality is rather high. Figure 5b shows the standardized PM 2.5 -related mortality in the 2050s with the projected baseline incidence rate and population. Pennsylvania is estimated to undergo the highest standardized all-cause mortality (600, 95% CI: 400, 900). New York State still has the highest standardized ischemic heart disease mortality (600, 95% CI: 500, 700) and Delaware is projected to have the highest standardized lung cancer mortality (60, 95% CI: 30, 100). In comparison with Figure 5a , only Nevada has an increase of standardized all-cause mortality, and only Nevada and California are estimated to own a higher standardized ischemic heart disease mortality. In addition, the projected standardized lung cancer mortality in the 2050s is lower over the whole continental United States. Therefore, although the population growth in the future is likely to result in higher total PM 2.5 -related mortality as stated earlier, the widely decreased standardized mortalities over the continental United States indicate that the lower PM 2.5 concentration and decreasing baseline incidence rate in the 2050s can still reduce the ratio of PM 2.5 -related deaths to population and enhance the health co-benefit.
Mortality with exposure to the future ozone concentration. Figure 4c shows the ozone-related all-cause, nonaccidental, cardiopulmonary, and respiratory mortality in the 2050s. The spatial distribution is generally close to that in Figure 4b , with high mortality occurring at the western part of the West (California) and Northeast (New York State and Pennsylvania), southern part of the South (Texas), southeastern and northeastern part of the Southeast (Georgia, Florida and North Carolina), and northern part of the Central region (Illinois and Ohio). According to the bar chart of these four mortality metrics for each state, again California ranks the first in the 2050s for all-cause (3,200 deaths/year, 95% CI: 1,600-4,700), nonaccidental (800 deaths/ year, 95% CI: 200-2,200), cardiopulmonary (700 deaths/year, 95% CI: 300-1,200), and respiratory (600 deaths/year, 95% CI: 200-1,000) premature mortality. The changing tendency is consistent with what we have found under the first scenario. Furthermore, in comparison with Figure 4c and Figure 4a , 30 out of 49 states are projected to undergo a higher all-cause premature mortality in the 2050s than in the 2000s (39 out of 49 for nonaccidental premature mortality, 42 out of 49 for cardiopulmonary premature mortality and 47 out of 49 for respiratory premature mortality). Recalling the result under the first scenario where the four premature mortality metrics are all estimated to increase at about 41 out of 49 U.S. continental states in the 2050s, fewer states are projected to have excess all-cause and nonaccidental premature mortality even if the increase of population is considered. This is caused by the decrease of baseline incidence Table 4 . National PM 2.5 -and ozone-related mortality in the 2050s with projected baseline incidence rate and population (rounded to the nearest 100) PM 2.5 Incidence 2050s National mortality (95% CI)
All-cause mortality 110,800 (63,900, 157,100) Ischemic heart disease mortality 83,200 (68,300, 97 ,800) Lung cancer mortality 11,800 (5,200, 18,200) Ozone incidence 2050s National mortality (95% CI)
All-cause mortality 30,700 (15,400, 45,300) Nonaccidental mortality 7,600 (2,300, 21,300) Cardiopulmonary mortality 7,400 (2,800, 11,800) Respiratory mortality 6,700 (2,500, 10,500) rate from 2000 to 2050 that offsets the effect of population growth. On the other side, more states are projected to encounter higher cardiopulmonary and respiratory premature mortality in the 2050s here, which indicates that the decrease of baseline incidence rate is not able to offset the dominant influence of population growth for these two specific metrics. The national ozone-related premature mortality in the 2050s is shown in Table 4 and it turns out that the death numbers for the four mortality metrics are all higher than the estimated values in Table 2 for the 2000s (~2,100 excess all-cause premature deaths/year,~900 excess nonaccidental premature deaths/year, 1,100 excess cardiopulmonary premature deaths/year, and 1,400 excess respiratory premature mortality). Compared with the result for the 2050s under the first scenario, all four mortality metrics have higher excess premature deaths, even if the numbers of states with excess premature deaths are smaller than those calculated under the first scenario for the all-cause and nonaccidental mortality. Since the baseline incidence rate is projected to decline from 2000 to 2050 based on the data set in BenMAP-CE, the major reason for the higher national total all-cause and nonaccidental premature mortality here should be the large increase of all-cause and nonaccidental premature mortality at the states with strongly enhanced ozone concentration and population growth (i.e., California and Texas), which can be seen in Figure 4c .
In addition, similar to the PM 2.5 case, the standardized ozonerelated mortality is calculated for each state. As presented in Figure 6a for the 2000s, West Virginia has the highest standardized all-cause mortality (200, 95% CI: 90, 300) and Alabama has the highest standardized nonaccidental mortality (40, 95% CI: 10, 100). Mississippi owns the highest standardized cardiopulmonary mortality (50, 95% CI: 20, 70) , and the highest standardized respiratory mortality occurs at Oklahoma (80, 95% CI: 30, 100) . Figure 6b presents the result in the 2050s, and unlike the 2000s case, Mississippi has the highest standardized all-cause mortality (100, 95% CI: 60, 200), nonaccidental mortality (30, 95% CI: 10, 90), and cardiopulmonary mortality (40, 95% CI: 10, 60). The highest standardized respiratory mortality still occurs at Oklahoma (60, 95% CI: 20, 90) . Contrary to the widely increased total ozone-related deaths, it seems that all the continental U.S. states are projected to undergo a decreasing trend of standardized all-cause mortality in the 2050s. Only North Dakota owns an increase of standardized nonaccidental and cardiopulmonary mortality. Five states (North Dakota, Minnesota, Montana, South Dakota, and Vermont) are projected to have higher standardized respiratory mortality. Considering the fact that projected ozone concentration increases in the 2050s over the western United States and population grows as well, the only reason for this widely decreased standardized ozone-related mortality should be the decrease of baseline incidence rate. Furthermore, there are still some states like North Dakota that undergo a higher standardized mortality for specific metric in the 2050s. According to the Figure 2b , those states are almost located at the regions where ozone concentration is projected to increase in the future. The enhanced ozone concentration there may overcome the effect of decreased baseline incidence rate. Hence the health issue there is worsening and it deserves attention even if the total ozonerelated deaths there may not be very high.
Uncertainty study about the PM 2.5 -and ozone-related mortality from BenMAP-CE. During the analysis of PM 2.5 -and ozonerelated mortality, it is recognized that the variability of the estimated mortality is quite different from region to region, largely depending on the exposure concentration of pollutant and population size. Meanwhile, different health impact functions are used for the same incidence estimation in this study, which also introduces additional uncertainty since the application of one health impact function is usually limited to some locations and time period. Hence, a study has been conducted here to assess the uncertainty among different incidences (i.e., all-cause mortality, ischemic heart disease, and lung cancer for PM 2.5 , and similar for ozone), respectively. Note that the concentration-response functions used here are derived from a given population. However, in practice the population varies a lot by regions and states, and it usually lacks the concentration-response functions that can be applied to the similar population. In this case other concentration-response functions have to be used as alternatives. Thus, the uncertainty coming from the application of certain health impact functions outside their specific locations is beyond our scope and not included in the following discussion. To avoid duplication, only the estimated adverse health effects of PM 2.5 and ozone in the 2000s are used for illustration.
In Figure 3a , the error bar is plotted to represent the upper fence (percentile 97.5) and lower fence (percentile 2.5) of the estimated incidence values for PM 2.5 , which are sampled from the assumed distribution of incidence using the Monte Carlo technique in BenMAP-CE (Davidson et al., 2007) . For the pooled all-cause mortality, the range of uncertainty for the states like California (lower: 6,000; upper: 11,700) and New York (lower: 5,800; upper: 11,000) is much larger than other states, and Wyoming ranks the last (lower: 40; upper: 80) . This should be mainly attributed to the population size, since California has the largest population size (age > 29, around 18.7 million) while Wyoming has the smallest size (age > 29, around 0.3 million) based on the 2000 population data set in BenMAP-CE. For the ischemic heart disease and lung cancer mortality, the uncertainty ranges for California (ischemic heart disease: lower: 5,300, upper: 7,600; lung cancer: lower: 500, upper: 1,800) and New York (ischemic heart disease: lower: 6,900, upper: 9,600; lung cancer: lower: 500, upper: 1,700) again rank in the first two places, but the ranges are far smaller compared to that of all-cause mortality. The wider confidence intervals in the estimated all-cause mortality could probably be caused by the greater uncertainties in their concentration-response functions. For instance, the all-cause mortality data may come from the entire study population but those for a specific cause of mortality are only subsets of the whole population. In addition, considering the fact that all-cause mortality estimates the annual total number of deaths in a given age group, whose data set has already included the uncertainty aggregated from different incidences, this could also result in the larger uncertainty of the all-cause mortality than that of the other specific incidences. The error bar plot for ozone in Figure 4a is similar to that of PM 2.5 , and California ranks the first for the uncertainty range of all-cause (lower: 1,300, upper: 4,000), nonaccidental (lower: 200, upper: 1,700), cardiopulmonary (lower: 200, upper: 900) and respiratory (lower: 200, upper: 700) premature mortality as discussed above. The uncertainty range of allcause premature mortality for ozone is narrower than the all-cause mortality of PM 2.5 , which can be confirmed by the data set in which the standard deviation of beta parameter for the ozonerelated all-cause premature mortality is much smaller than that of the PM 2.5 -related one.
Conclusion
In this study, the high-resolution (12-km) downscaled WRF/ CMAQ output under RCP8.5 scenario is utilized to evaluate the PM 2.5 -and ozone-related mortality at the present (2000s) and future (2050s) in BenMAP-CE. The WRF/CMAQ results first show that the annual mean PM 2.5 concentration in the continental United States will decrease everywhere from the 2000s to 2050s, especially for the eastern United States and West Coast. However, the annual mean MDA8 ozone concentration is projected to increase in most of the western and northeastern United States. The BenMAP-CE results show that in the 2000s California is estimated to suffer the most from all-cause mortality and lung cancer, but New York State undergoes the highest ischemic heart disease mortality for PM 2.5 . For ozone-related premature mortality, California ranks first for all four incidences but Texas becomes the second most severe region. In addition, two scenarios are designed to evaluate the future mortality. Under the first scenario where the future population and baseline incidence rates are held constant at the 2000 level, all of the continental states present a decreasing trend of PM 2.5 -related mortality, mainly contributed by the dramatic decrease of PM 2.5 concentration. On the contrary, only 9 of 49 states provide a decreasing trend of ozone-related premature mortality in the 2050s due to the widely enhanced ozone concentration. However, under the second scenario where the projection of population and baseline incidence rate is considered, around half of the states show a rising trend of PM 2.5 -related mortality in the 2050s. For ozone, more states are projected to undergo higher cardiopulmonary and respiratory premature mortality as well. In comparison with the projected national total PM 2.5 -and ozone-related mortality under both scenarios, more mortality is going to occur under the second scenario for both PM 2.5 and ozone. This should mainly be attributed to the dominant influence of the population growth. To remove the effect of population, the standardized PM 2.5 -and ozone-related morality are calculated and both of them are projected to decrease over most continental U.S. states in the 2050s, indicating a health co-benefit of widely reduced PM 2.5 concentration and baseline incidence rate. It is also worth noting that a higher increase in mortality between Scenario 1 and 2 is observed for PM 2.5 than for ozone. One potential reason is that the concentration-mortality response factor (β parameter) for the PM 2.5 -related all-cause mortality is 5 to 10 times higher than that for for the ozone-related one, based on the BenMAP data set. Besides, the uncertainty is assessed for different mortality metrics of PM 2.5 and ozone. It shows that the uncertainty of PM 2.5 -and ozone-related all-cause mortality (after pooling) is much larger than that for specific symptoms, which may be attributed to the sample size and accumulated uncertainty of generating the all-cause mortality data sets from different specific incidences. The uncertainty range of ozone-related all-cause premature mortality is also narrower than for the PM 2.5 -related all-cause mortality, due to its smaller standard deviation of beta parameter.
It should be pointed out that only 3-year simulations are evaluated in this study, which is a limitation in this study considering the computational resources. In the future, when computational resources are permitted, multiyear to decadal simulations are preferred to take care of the climate internal variability. In the recent study, Hodges et al. (2014, Supplementary Figure 7 and 8) demonstrated that using 5-year simulations could well represent the decadal (10-year) climate signals.
Our study shows that the change of PM 2.5 -and ozonerelated mortality due to climate change is regional in nature. Since PM 2.5 concentration is projected to decrease but ozone concentration is projected to widely increase under RCP8.5, the estimated future mortality change is quite different from that in the previous work using the SRES A2 scenario where PM 2.5 concentration increases in the northern United States and ozone concentration mainly increases in the southern United States (IPCC AR5 Working group 2 [WG2] report: . The changes of PM 2.5 -and ozone-related mortality in quantity may also vary for future projections, considering the influence of baseline incidence rate and population growth. Combining these facts can provide more valuable information for the regional health study, as well as to the decision makers aiming at enacting effective regulations in the future.
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